Abstract: This study systematically investigates the influence of free carriers on the generation of THz in ZnTe crystals, over a wide range of pumping fluences. As the pumping fluence is increased (< 6.36 mJ/cm 2 ), the concentration of free carriers gradually increases and the THz output power is saturated, as clearly demonstrated by the time delay in the THz temporal waveforms, the changes in the THz spectral weight and the redshift in the PL spectra. For high pumping fluences (> 6.36 mJ/cm 2 ), spectacularly, there is a significant quadratic increase in the THz output power when the pumping fluence is increased, as well as at low pumping fluences of < 0.58 mJ/cm 2 , because of the saturation of free carriers. 
Introduction
Terahertz (THz) science has seen significant developments over past decades and has a large number of applications in plasma physics, astronomy, medical imaging, biology and communication [1] . It is certainly important for the development of bright and broadband THz sources. Of the various techniques used, optical rectification in ZnTe crystals is mostly used for the generation of THz waves. However, the saturation of THz output power generated from ZnTe crystals limits the development of intense THz sources [2] . There have been many studies of the saturation mechanism of THz output power [3] [4] [5] [6] . Some researchers focus on the study of large-area THz emitters, which avoid the creation of too many carriers and reduce the THz output power [7, 8] . Recently, it has been proved that the saturated THz conversion efficiency of ZnTe crystals mainly depends on free carrier absorption, rather than the pumping power, which is attenuated by two-photon absorption [5, 6] . These studies used ultrafast laser amplifiers with high pulse energy. The red shift in the THz spectra of ZnTe crystals and other nonlinear effects due to high pumping fluences (below the damage threshold) has not been explained, because of the lack of wide range and finely tuned pumping fluences.
This study uses a high-power Ti:sapphire laser with fine tuning of the fluences as a pumping source. To the authors' best knowledge, this is the first time that these issues have been studied over a wide range of pumping fluences. In order to determine the relationship between free carriers and THz generation in ZnTe crystals, the dependence of the THz temporal waveforms (spectra) and the photoluminescence (PL) radiated from ZnTe crystals on the pumping fluences is measured simultaneously. The effect of band gap renormalization, carrier saturation and PL quenching on THz generation are also determined.
Experiments

THz generation in ZnTe crystals
In these experiments, a long cavity Ti:sapphire oscillator (Femtosource scientific XL300, Femtolaser) with a central wavelength of 800 nm, a repetition rate of 5.2 MHz and a pulse duration of 70 fs was used for THz wave generation and detection. The pump beam, with a spot diameter of 46 μm, was focused on a 1-mm-thick (110) ZnTe crystal with the resistivity of 100 Ω/cm. A teflon filter was used to block the fundamental light whereas THz wave transmitting. The transmitted THz wave was collimated and focused on another 0.5-mm-thick (110) ZnTe, which detected the THz wave by free space electro-optical (EO) sampling through a pair of off-axis parabolic mirrors. All of the experiments were performed in a dry nitrogen-purged box. While the power of probing pulses for the EO sampling was kept constant, the pumping power used in this study was varied from 10 mW to 800 mW by a neutral density (ND) filter, which corresponds to 0.12~9.26 mJ/cm 2 . The dispersion due to a ND filter was compensated by a compressor inside the laser system. For convenience of analysis, the experimental results were classified into three regimes: a region of relatively low pumping fluences (0.12~0.58 mJ/cm 2 ), a region of medium pumping fluences (0.58~6.36 mJ/cm 2 ) and a region of relatively high pumping fluences (6.36~9.26 mJ/cm 2 ). (1) High pumping fluences in the crystals may change the refractive index in the optical range (the optical Kerr effect). However, according to Ref [9] , the change in the refractive index in the optical range is too small ( . (2) Photo-excited free carriers change the optical parameters, e.g. the refractive index of ZnTe crystals in the THz range [10] . This suggests that the free carriers created by two-photon absorption causes a change in the refractive index of ZnTe crystals in the THz range. Surprisingly, the THz temporal waveforms are not shifted more at high pumping fluences (> 6.36 mJ/cm 2 ) as shown in Fig. 1(c) . This demonstrates that the refractive index of ZnTe crystals does not change further as the pumping fluence is increased. In other words, the free carriers saturate in the ZnTe crystals and the refractive index in the THz range remains unchanged at pumping fluences of more than 6.36 mJ/cm 2 . This carrier saturation phenomenon is further verified by the photoluminescence results, which are discussed later.
The THz power spectra [Figs. 1(d)-1(f)] were obtained by fast Fourier transform of the THz temporal waveforms in Figs. 1(a)-1(c) . The THz spectra generated from ZnTe crystals have two parts: a low-frequency part at ~1.2 THz and a high-frequency part at ~1.9 THz (the phase-matched frequency). The low-frequency part leads the high-frequency part in time, because of the normal dispersion material (ZnTe) through which the radiated THz waves pass. Therefore, the components of the THz temporal waveforms can be described as follows: the main THz pulse corresponds to the low-frequency part of the THz power spectra and the following oscillation corresponds to the high-frequency part (the phase-matching frequency) [11] . In the regime, 0.58 ~6.36 mJ/cm 2 , the increase in rate of the high-frequency part in THz spectra is smaller than that for the low-frequency part as the pumping fluence increases, which demonstrates that the growth rate for the last oscillations is smaller than that of the THz main pulse. At pumping fluences greater than 6.36 mJ/cm 2 , the spectra do not change as the pumping fluence is increased. This coincides with an absence of any shift in the THz temporal waveforms [ Fig. 1(c) ]. Consequently, the THz spectra and the temporal waveforms as a function of pumping fluences are highly correlated with the concentration of free carriers in the ZnTe crystals. The change in the refractive index, n Δ , for 800 nm or THz are is too small to cause a change in the emitted THz spectra and the temporal waveforms. Instead, free carriers in a ZnTe crystal cause absorption and affect the emitted THz waveforms and spectra. The quadratic relationship between THz output power and the pumping fluences of less than 0.58 mJ/cm 2 is shown in the inset of Fig. 2 . As the pumping fluence increases, the increase in the THz output power does not obey a quadratic relationship when the pumping fluence is larger than 0.58 mJ/cm 2 , which is consistent with the results of Hoffmann et al. [4] . This is because the free carriers in the ZnTe crystals, whose concentration increases when the pumping fluence is increased, attenuate the THz output power. Moreover, in the regime of 3.47~6.36 mJ/cm 2 , the THz output power remains almost constant, even if the pumping fluence is increased. Interestingly, in the extremely high pumping fluence regime of above 6.36 mJ/cm 2 , the THz output power is no longer reduced by saturation of the free carriers and there is a quadratic relationship between the pumping fluences and the THz output power, as shown by the solid line in Fig. 2 . Meanwhile, the saturation of the free carriers does not cause further change in the refractive index of the ZnTe crystals and there is no further shift in the THz temporal waveforms.
Photoluminescence radiated from ZnTe crystals
After pumping, the free carriers in ZnTe crystals move from the conduction band to the valence band and emit a Yellow-green photoluminescence (PL) as shown in the inset of Fig.  3 . In this study, the PL in the front of the ZnTe was measured using a fiber-coupled spectrometer (Ocean Optics USB4000) with a short pass filter. The two-photon absorption excites free carriers within the entire ZnTe crystal and the radiated PL must be transmitted and reabsorbed by the ZnTe crystal. The two-photon excited PL spectra represent the band gap edge of the excited ZnTe crystals. At a pumping fluence of 0.58 mJ/cm 2 , the PL is too weak to be isolated from the background noise. When the pumping fluence is increased, a relative red shift in the peak of PL spectra is observed, as shown in Fig. 3(a) , which indicates the band gap renormalization (BGR) effect that is caused by the screening effect from extra carriers. The repulsion between free carriers results in a smaller band gap, so the relative amount of photo-excited free carriers can be estimated from the shift in the peak of the PL spectra. The red shift in the PL spectrum is usually described by the empirical relationship [12, 13] :
where K is the BGR coefficient and n is the concentration of the free carriers. The
resembles the prevailing exchange contribution of electron-electron interaction. In the pumping regime of 1.16~6.36 mJ/cm 2 , the monotonic red shift in the PL spectra [ Fig. 3(a) ] indicates that the concentration of the free carriers in the ZnTe crystals rises as the pumping fluence increases. This result confirms that a greater number of free carriers results in a greater time delay in the THz temporal waveforms (see Fig. 1 ) and a greater attenuation of the THz output power (see Fig. 2 ). At pumping fluences greater than 6.36 mJ/cm 2 , however, the position of the peak in the PL spectra remains almost constant. In other words, the concentration of the free carriers no longer increases in the high pumping fluence regime, from 6.36 to 9.26 mJ/cm 2 , which provides direct evidence of saturation of the free carrier absorption effect in ZnTe crystals.
By integrating the PL spectra at various wavelengths, the intensity of PL signal can be calculated. This reveals how many carriers move from the conduction band to the valence band. The dependence of the intensity of the PL signal on pumping-fluence is shown in Fig.  3(b) . At pumping fluences of less than 6.36 mJ/cm 2 , the intensity of the PL signal gradually increases, when the pumping fluence is increased. This indicates an increase in the number of free carriers, which causes a change in the refractive index in the THz range. At pumping fluences greater than 6.36 mJ/cm 2 , all of the results including the time delay in the THz temporal waveforms, the quadratic increase in the THz output power and the red shift in the PL spectra suggest that the concentration of free carriers remains constant. However, the intensity of the PL signal decreases in this regime. This implies that some free carriers transit back to the ground state by emitting luminescence decreases. On the other hand, intense THz waves may induce carrier recombination through non-radiative interaction, which is termed "The THz quenching effect" [14] . 
Discussion
In order to understand the mechanism for the reduction in THz output power, the timeevolution attenuation within a single THz temporal waveform at various pumping fluences was quantitatively analyzed. The time-dependent attenuation fraction for a single THz temporal waveform [e.g. Figure 4 (a)] is given by:
where E THz is the THz temporal waveform, P 0 is a pumping fluence of 0.58 mJ/cm 2 (without attenuation by free carriers) and P 1 is a higher pumping fluence (with attenuation by free carriers). In Fig. 4(b) , the symbols show the time-dependent attenuation fraction at a pumping fluence of 4.63 mJ/cm 2 (the divergent points before 0.25 ps are artificial from calculation), wherein the solid line is a guide for the eyes. The THz attenuation fraction decreases within several hundreds of femtoseconds and then remains constant. The reasons for this timedependent THz attenuation shown in Fig. 4 (b) are as follows: (1) THz attenuated by free carrier absorption is associated with the number of free carriers and their mobility, (2) a rapid increase in THz attenuation requires that the free carriers take several hundreds of femtoseconds to achieve carrier thermalization in the conduction band (from higher energy levels to low energy levels in conduction band), after two-photon absorption and (3) during the flat portion of THz attenuation, the free carriers require more than 40 ps to relax from the conduction band to the valence band. Because the amount of free carriers does not change during the 2nd and 3rd cycles of the THz temporal waveform, the attenuation by free carriers
